Background: While recent studies have addressed the biomechanical function of the ligamentum teres and provided descriptions of ligamentum teres reconstruction techniques, its detailed quantitative anatomy remains relatively undocumented. Moreover, there is a lack of consensus in the literature regarding the number and morphology of the acetabular attachments of the ligamentum teres.
Prior to the advent of hip arthroscopy, surgical diagnosis and treatment of the ligamentum teres were rare because of the necessity to transect the ligamentum teres to gain access to the hip joint. 2 However, with the introduction and widespread adoption of arthroscopy as a means for addressing intra-articular hip pathology, renewed attention has been ascribed to potential pathology of the ligamentum teres. Although the ligamentum teres has been described as a vestigial structure due to its slack state during distraction 7 and some studies reporting no differences after sectioning the ligamentum teres for surgical dislocation, 6 recent studies have reported improved functional and clinical outcomes after arthroscopic debridement or reconstruction of the ligamentum teres. 8, 11, 13, 14 Previous studies have analyzed the ligamentum teres to determine its anatomy and biomechanical function. Qualitatively, the ligamentum teres has been reported to have a broad acetabular attachment, with 2 bands attached to the ischial and pubic sides of the acetabular notch that blend with the transverse acetabular ligament.
3,9,17 Rao et al 14 described the band on the ischial side as stronger and marginally broader, but this observation has not been biomechanically tested or anatomically validated. On its course to the femoral head, the acetabular attachments of the ligamentum teres converge, assuming a ribbon-like shape before attaching into the fovea capitis posteroinferiorly in relation to the center of the femoral head. 1 The biomechanical properties of the ligamentum teres were described in a recent study by Martin et al, 10 which reported that the ligamentum teres provided restraint to internal and external rotation of the hip in deep hip flexion (>90 ). In addition, the ligamentum teres has been described as a secondary hip stabilizer by restricting subluxation in deep flexion, adduction, and external rotation. 16 Collectively, the data presented in these studies appear to favor preservation of the ligamentum teres during surgical intervention.
Currently, the literature lacks quantitative anatomic data regarding the attachments of the ligamentum teres on the acetabulum and fovea capitis. Furthermore, there is a lack of consensus in the literature regarding the number of acetabular attachments and their morphology. Therefore, the purpose of this study was to provide a thorough quantitative description of the native ligamentum teres in human cadaveric specimens. Specifically, this study aimed to describe the areas of the attachments of the ligamentum teres and their relation to pertinent open and arthroscopic bony landmarks on the acetabulum and femur.
METHODS

Specimen Preparation
Ten fresh-frozen, full human cadaveric pelvises, complete with intact femurs (mean age, 59.6 years; range, 47-65 years; 8 male, 2 female), without osteoarthritis, gross hip morphology abnormality, or surgical history were used in this study. Specimens were stored at À20 C and thawed for 24 hours prior to testing. Specimens were dissected of all extraarticular soft tissues. The cadaveric specimens utilized in this study were donated to a tissue bank for the purpose of medical research and then purchased by our institution.
The femoral head was removed from the acetabulum to gain full exposure of all landmarks. After disarticulation, the femur and pelvis were rigidly clamped in custom fixtures, and a portable coordinate measuring device (7315 Romer Absolute Arm; Hexagon Metrology) was used to quantify the location of pertinent bony landmarks for establishing the femur's anatomic axes. To identify the location of the center of the femoral head, points encompassing the surface of the femoral head were selected and subjected to a spherical best-fit algorithm.
Quantitative Measurements
With the femur rigidly fixed, pertinent bony and soft tissue landmarks were identified and measured using the coordinate measuring device. The femoral bony and soft tissue landmarks included the femoral attachment of the ligamentum teres, the fovea capitis, and the most superior aspect of the greater trochanter. To establish the axis of the femoral neck, 3 rings of points around the neck were collected (medial, central, and lateral neck rings). Utilizing the same methods, 3 rings of points were collected around the shaft of the femur (proximal, middle, and distal rings).
Next, the bony and soft tissue reference landmarks of interest were identified and collected on each hemipelvis. The bony and soft tissue landmarks on the acetabulum included all acetabular attachments of the ligamentum teres, acetabular rim, stellate crease, psoas-u, transverse acetabular ligament, cotyloid fossa, and the medial cortex. 12 
Data Analysis
Data were analyzed using custom software (MATLAB 2008b; The MathWorks Inc). Distance measurements were collected as the 3-dimensional linear distance between structures and are referred as direct distances. Unless otherwise noted, all anatomic distance measurements were measured between the centers of the 2 structures. Cross-sectional areas were computed by projecting points taken along the circumference of the attachment onto an interpolated plane and calculating the area of the resulting 2-dimensional polyhedron. Clock face measurements were defined by interpolating a circle from 60 points taken along the acetabular rim. The orientation of the clock face was defined by setting the superior margin of the anterior labral sulcus (psoas-u) at 3 o'clock. 12 Left hips were reverted so that they could be considered to have the psoas-u at 3 o'clock to match the right hip measurements. Average measurements across the 10 specimens were reported with 95% confidence intervals (lower bound, upper bound).
RESULTS
Acetabular Attachments
The ligamentum teres had a broad acetabular attachment, with 6 distinct attachment locations ( Figure 1 ). Superficially, the ligamentum teres blended with the transverse acetabular ligament along its entire length (25.0 mm; 95% CI, 22.9-27.0 mm). Beneath the transverse attachment, 2 substantial bands acted to anchor the ligamentum teres to the ischial (posterior) and pubic (anterior) sides of the acetabular notch. The anterior attachment was substantially larger, had a mean cross-sectional attachment area of 79. 4 ) was located at 3:50 o'clock (95% CI, 3:41-4:00) ( Table 1 ). The areas, clock face positions, and relative distances of these attachments are presented in Tables 1 through 3 . The acetabular cortex thickness was also measured at each attachment site ( Table 4 ). The distance to the medial cortex was greatest at the anterior attachment (11.28 mm; 95% CI, 9.09-13.46 mm).
Femoral Attachments
As the ligamentum teres coursed distally toward the femoral head, there was a confluence of its fibers to a single location within the anterosuperior region of the fovea capitis (Figure 2 The distance from the superior-most tip of the greater trochanter to the femoral attachment of the ligamentum teres was 12 mm (95% CI, 5.83-20.10 mm) anterior, 1.51 mm (95% CI, À1.07 to 4.09 mm) superior, and 66.78 mm (95% CI, 62.43-71.14 mm) medial. The direct distance from the superior tip of the greater trochanter to the femoral attachment of the ligamentum teres was 69.16 mm (95% CI, 65.80-72.52 mm).
DISCUSSION
The most important finding of this study was that the ligamentum teres consistently attached at 6 acetabular locations and 1 femoral location in all human cadaveric specimens analyzed. On the acetabular side, the ligamentum teres had a pyramidal shape 1, 3 with unique bands anchoring it to 6 distinct locations. The first band, previously referred to as the medial bundle, 5 attached along the entire length of the transverse acetabular ligament. In addition, the ligamentum teres had 2 bands with bony attachments to the ischial and pubic margins of the acetabular notch. Finally, there were 3 attachments to each of the 3 bones that converge within the cotyloid fossa (ilium, ischium, and pubis), located at the margin of the cotyloid fossa and articular cartilage. As the ligamentum teres coursed toward its femoral attachment at the fovea capitis, there was a confluence of its ribbon-like fibers into a compact, tubular ligamentous structure. The convergence of 6 attachments into 1 femoral attachment presents increased complexity for reconstruction procedures that attempt to re-create the native anatomy by selecting an appropriately sized graft and fixing it in anatomic locations. Current arthroscopic ligamentum teres reconstructions focus on reproducing only 1 attachment location for both the acetabulum and femur, as it is less technically demanding than reconstructing each bundle.
The current study both confirms and further expands on the reported qualitative attachment locations of the ligamentum teres in previous studies. Generally, the ligamentum teres has been described as attaching broadly to the cotyloid fossa, 1 with 2 distinct bands originating from the ischial and pubic regions of the acetabular notch. These fibrous bands blend anteroinferiorly with the transverse ligament. 3, 9, 17 As the ligamentum teres courses to its femoral head attachment, the ligament assumes an oval shape and inserts at the fovea capitis, which typically lies posterior and inferior to the femoral head center. 1 Demange et al 5 described 3 constituent bands of the ligamentum teres: posterior, anterior, and medial; however, these descriptions were not verified by the literature. The ligamentum teres is reported to be variable in length and absent in 10% of individuals. 15 The ligamentum teres has a mean cross-sectional length between 30.6 and 59 mm 2 .
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The ligamentum teres was previously considered a vestigial structure, lacking a pivotal role in the function of the hip. 7 However, recent studies propose that the ligamentum teres has a more significant role than previously recognized.
11,13,14 Rao et al 14 described the morphology and structural properties of the attachments of the ligamentum teres, concluding that the posterior attachments were stronger and marginally broader. In an assessment of the role of the ligamentum teres in providing range of motion stability, Martin et al 10 reported significant increases in internal rotation and external rotation when the hip was in 90 or 120 of flexion after ligamentum teres sectioning. A similar finding was reported by van Arkel et al, 16 confirming that the ligamentum teres was a secondary restraint in high flexion, adduction, and external rotation. The ligamentum teres has a small role in limiting external rotation but its contribution is considerably less than that of the lateral iliofemoral ligament, indicating that repair of the ligamentum teres to restore native restraint should only be considered secondary to repair of any deficiencies in the anterior joint capsule. During anatomic dissection in the current study, the posterior and anterior bands tightened during internal and external rotation, respectively. This structural design, with 2 anchoring points at 5:00 and 6:30, may afford increased ability for the ligamentum teres to restrain end-range rotational movements compared with a single attachment location. Therefore, a reconstruction of the ligamentum teres may need to replicate these 2 attachment locations.
A recent study reported that among 2213 patients with femoroacetabular impingement and labral pathology, complete tears of the ligamentum teres were found in 1.5% of patients and were more likely to be seen in women, patients with a lower body mass index, and patients with low centeredge angles. 4 Ligamentum teres tears were associated with increased hip laxity and chondral defects of the femoral head. 4 The role of the ligamentum teres may be especially important in patients with dysplasia of the hip or joint hypermobility because deficiency of the normal bony architecture and/or soft tissue restraints about the hip can lead to increased reliance on the ligamentum teres as a secondary stabilizer. 10 Therefore, these abnormalities in a patient with a ligamentum teres tear more commonly were indicative of a need for a ligamentum teres reconstruction in addition to treatment of the underlying pathology. 10, 13 We recognize that the present study has some limitations inherent to a cadaveric study design. The analysis was performed through an open approach, which did not have the distraction or pressure distension present during arthroscopy, which may have altered the appearance of anatomic structures. Although a meticulous dissection was performed to clearly visualize the ligaments, fiber direction, and attachment sites, distances were calculated as absolute 2-dimensional distances, which may have resulted in underestimation of structure lengths due to out-of-plane length contributions along the course of the ligament measured. Also, due to the nature of this study, we did not measure femoral torsion. This could possibly influence the distance of the femoral attachment of the ligamentum teres to the other landmarks on the femur. Finally, this study was performed on 10 cadaveric hemipelvises and may have not included some of the anatomic variability seen in the greater population.
CONCLUSION
The most important finding of this study was that the human ligamentum teres had 6 distinct points of attachment on the acetabulum (transverse, ischial, and pubic margins of the acetabular notch and cotyloid fossa attachments: ilium, ischium, and pubis) and 1 on the femur. On the acetabulum, the anterior attachment was substantially larger than the posterior attachment and was located at a mean clock face position of 4:53 o'clock.
